Hie demonstration of all components of the renin-angiotensin system in vascular tissue has raised questions as to the precise location of the local angiotensin II generation within the vascular wall. We investigated the metabolism of angiotensin I to angiotensin II in the vascular wall in the isolated rabbit thoracic aorta. Angiotensin I (3x10' M) applied into the aortic lumen was partially converted to angiotensin II (14% after 60 minutes), but most of the luminal angiotensin I was degraded to peptide fragments or diffused as intact angiotensin I, peptide fragments, or both, into the vessel wall. Incubation studies with [ 3 H] angiotensin I revealed that angiotensin I or angiotensin I fragments mainly diffused into the medial layer of the aorta and to a lesser degree into the adventitia and the endothelium. After removal of the endothelium, angiotensin II generation could no longer be detected. Addition of the angiotensin converting enzyme inhibitor ramiprilat (10~7 M) to the incubation medium led to a complete blockade of angiotensin II generation by endothelial angiotensin converting enzyme. Our results underline the importance of the endothelium for conversion of angiotensin I to angiotensin II and provide evidence that conversion of angiotensin I to angiotensin II is predominantly achieved by endothelial cells. They also support the concept of an endocrine versus autocrine/paracrine renin-angiotensin system where the endothelium of the vasculature is the critical target site for angiotensin II production by both systems and, thus, the most important site for the actions of angiotensin converting enzyme inhibitors. 
B
iochemical, immunohistochemical, and molecular biological studies have provided evidence for the presence of all the components of the renin-angiotensin system (RAS) (renin, angiotensinogen, angiotensin converting enzyme (ACE), angiotensin peptides, and angiotensin receptors) in a variety of tissues, suggesting the existence of local tissue RAS. 1 -3 In addition, local production of angiotensin I (Ang I) and angiotensin II (Ang II) has been demonstrated in cell culture and in organ preparations, 4 " 6 and evidence that such a local Ang II production may also occur in humans has been found in human subjects in vivo. 7 A local Ang II synthesis in the vascular wall is of special interest in view of the multiple vascular actions of Ang II. Ang II not only exerts a direct vasoconstrictor effect, 4 but was also reported to enhance sympathetic noradrenergic transmission 8 - 9 and to have mitogenic and trophic actions in the vasculature via stimulation of platelet-derived relaxing factor A-chain or the protooncogenes c-myc and c-fos. ia~13 However, a precise characterization of a local vascular RAS is complicated by the lack of information about the origin and location of each component of the vascular RAS. Ang I may be synthesized locally within the vascular wall (e.g., medial and adventitial layer) by the action of vascular renin on vascular angiotensinogen, both derived from either local production or systemic uptake. 13 - 16 However, the last step in the RAS cascade, i.e., the conversion of Ang I to Ang II, still remains controversial with regard to the site of Ang II production as well as the enzymes involved.
Theoretically, several Ang II-generating pathways can participate in vascular Ang II production. Ang I may be converted to Ang II by endothelial ACE, extraendothelial ACE, or by other enzymes in the vascular wall like the chymostatin-sensitive Ang II generating enzyme.
-
18 Furthermore, alternative pathways for Ang I conversion to Ang II, for example, a consecutive action of carboxypeptidases to generate Ang II, may be involved in vascular Ang II production. Moreover, Ang I is not only metabolized to Ang II but also to peptide fragments by the action of aminopeptidases, carboxypeptidases, and endopeptidases localized on vascular endothelial and smooth muscle cells. 19 -21 In the present study we used an in vitro model, the isolated thoracic rabbit aorta, to investigate the vascular metabolism of Ang I to Ang II and to further analyze the distribution of these peptides and their fragments in the vascular wall.
Methods

Aortic Preparation
Male Chinchilla rabbits (Mollegard, Skensved, Denmark) weighing 2-3 kg were killed by cervical dislocation. The thoracic aorta was removed and rinsed with a modified Krebs-Henseleit buffer, pH 7.4 (mM: NaCl 25 .0, HEPES 10.0, glucose 11.0) that was gassed with a 95% C>2-5% CO 2 mixture. After dissection of perivascular tissue all side branches were tied off. The aorta was cannulated at both ends and suspended in an organ chamber containing the modified Krebs-Henseleit buffer (pH 7.4) gassed with 95% C>2-5% CO 2 and 10~5 M verapamil. The incubation bath was kept at 37°C ( Figure 1 ). The aorta was instilled with 200-300 (il of the modified Krebs-Henseleit buffer, closed at both ends, and preincubated for 1 hour before angiotensin incubations were started.
In a separate experiment aorta preparations were examined histologically by silver nitrate staining 22 to verify the integrity of the endothelium. The aorta was pinned on a styropore block and rinsed three times with isotonic glucose solution. After incubation with silver nitrate (0.25%) for 30 seconds the aorta was rinsed again with isotonic glucose, fixed overnight in 4% formalin, transferred into xylol via increasing ethanol concentrations (10-96%), and embedded in Entellan (Merck, Darmstadt, FRG) for microscopic examination. Aortic preparations were also stained after denudation of the endothelium to demonstrate the completeness of endothelium removal. Routinely, silver nitrate staining was carried out at the end of incubation experiments to examine the status of the aortic preparation.
Angiotensin Incubation
In a first experiment the aortic vessels were filled with 3x10"' M Ang I and incubated for 5,10,15, 30,45, and 60 minutes (n=3). In a second series, vessels (n=3) were incubated in reverse order for 60, 45, 30, 15, 10, and 5 minutes. Each incubation period was followed by a washout period of 10 minutes with buffer. One aorta was used for an additional incubation period of 90 minutes. In a second experiment, aortic vessels (n=3) were incubated with 3 x 10"' M Ang I together with the ACE inhibitor ramiprilat (10~7 M) and incubated for 5, 10, 15, 30, 45, and 60 minutes. Each incubation period was followed by a washout period of 10 minutes with buffer containing 10" 7 M ramiprilat. In a third experiment, endothelium-denuded aortas (n=3) were incubated with 3x10"' M Ang I for periods of 5,10, 15, 30, 45, and 60 minutes. In a fourth set of experiments, aortic vessels (n=3) were incubated with 10~8 M Ang II (n=3) for the same incubation periods. Incubations were terminated by sampling the luminal fluid.
Aliquots of 200 /A were added to 50 fil of 0.5 M HC1 and stored at -20°C. The concentrations of Ang I and immunoreactive Ang II (irAng II) were determined by radioimmunoassay (RIA) as described previously. 23 Cross-reactivity of the Ang II antibody is 100% for angiotensin III, Ang II-(3-8), and Ang II-(4-8) and 0.5% for Ang I. The cross-reactivity of the Ang I antibody is 100% for Ang I-(2-10) and less than 0.1% for Ang II.
Distribution of Angiotensin I and Angiotensin II in the Vascular Wall
The time-dependent distribution of Ang I and Ang II in the vascular wall was investigated by instilling tritiumlabeled Ang I or Ang II into the aortic lumen. , and 90 minutes. One aorta was used for each time period of incubation. At the end of the incubation period, radioactivity was measured in the luminal fluid; the endothelial, medial, and adventitial layer; and in the incubation bath. The vascular layers were separated mechanically and transferred into a porcelain vessel for catalytic combustion in the oxygen stream of a combustion furnace (OX 300, Zinsser Analytics, Frankfurt, FRG). This procedure resulted in the generation of tritium, which was rinsed together with scintillator fluid (Quickscint 212, Zinsser Analytics) into a vial (Zinsser Analytics). The recovery was determined using a known amount of radioactivity with and without catalytic combustion. Radioactivity was measured in a ^-scintillation counter (2000 CA Tricarb, Packard Instruments Co., Inc., Meriden, Conn.) and expressed as disintegrations per minute (dpm).
Results
Angiotensin Incubation
Ang I decreased time-dependentry in the aortic lumen, whereas irAng II appeared after 5 minutes in the lumen and increased with time throughout the incubation period (Table 1, Figure 2A ). After 60 minutes of incubation the intraluminal Ang I concentration had decreased by 73%. At this time point, the irAng II concentration in the lumen reached 14% of the initial concentration of Ang I. Addition of the ACE inhibitor ramiprilat (10~7 M) into the incubation medium reduced intraluminal irAng II concentration to virtually zero ( Figure 2B ). The decrease of the intraluminal Ang I concentration was initially delayed, but after 60 minutes of incubation a reduction similar to that in untreated aortas was observed (69% with ramiprilat versus 73% without ramiprilat). Removal of the endothelium prevented the irAng II generation without affecting Ang I decrease in the aortic lumen ( Figure 2C ). Administration of Ang II into the aortic lumen revealed kinetics similar to Ang I (71% decrease after 60 minutes of incubation) ( Figure 3 ). The histological examination of the aortic luminal surface demonstrated the integrity of the endothelium before ( Figure 4A ) and after ( Figure 4B ) consecutive angiotensin incubations. The endothelium remained intact with some small scattered lesions after consecutive angiotensin incubations. The completeness of the removal of the endothelium was also verified histologicalry ( Figure 4C ). Only smooth muscle cells of the vascular media could be detected in the denuded aortic vessels.
Distribution of Angiotensin I and Angiotensin II in the Vascular Wall
The time-dependent distribution of radioactivity in the luminal fluid, the vascular wall, and the incubation bath after instillation of [ 3 H]Ang I into the aortic lumen is presented in Figure 5 . Radioactivity in the vessel lumen, representing Ang I, Ang I fragments, or both, decreased with time in a linear fashion. After 60 minutes' and 90 minutes' incubation, 37% and 46% of the initial amount of radioactivity had diffused into the vascular wall, mainly into the medial layer (25% after 60 minutes and 31% after 90 minutes). Only small amounts of radioactivity were measured in the endothelial and adventitial layers ( Figure 5) .
Radioactivity in the incubation bath, reflecting penetration of Ang I or its fragments, or both, through all vascular layers, remained low up to 30 minutes and then increased to 8.2% and 8.6% after 60 minutes and 90 minutes, respectively. The distribution of [ 3 H]Ang II in the vascular wall is shown in Figure 6 . The results were comparable to those for [ 3 H]Ang I, except for higher levels of radioactivity in the incubation bath after 60 and 90 minutes (14% and 16.5%, respectively).
The fate of Ang I in the aortic wall was summarized from both experiments. For each incubation time we added the percentage amount of Ang I left in the aortic lumen, the percentage amount of irAng II generated within the lumen, and the percentage amount of radioactivity that had diffused out of the lumen. The difference between the sum of these three parameters and the initial amount of Ang I (100%) provides a measure for Ang I degradation products that were not detected in the Ang I or Ang II RIA. The results demonstrate that Ang I degradation products increased up to 30 minutes of incubation and remained constant thereafter, indicating a steady state between degradation and diffusion ( Figure 7 ).
Discussion
The isolated thoracic rabbit aorta represents a valuable model for studies on the metabolism and distribution of angiotensin peptides in the vascular wall. Incubation of intact aortic vessels with Ang I may be particularly suited to mimicking the fate of circulating Ang I in vivo, and after removal of the endothelium, metabolic processes in deeper layers of the vascular wall can be studied. The lack of a pulsatile perfusion inherent to this model has to be acknowledged. However, this drawback is outweighed by the stability and reproducibility of the system and can be accepted if one limits the investigation to general features of peptide handling by the vascular wall.
Incubation of aortic vessels with Ang I for 60 minutes resulted in a 14% conversion of Ang I to Ang II by endothelial ACE. Since an unknown proportion of newly generated Ang II might have been enzymaticalh/ degraded or could have penetrated into the vascular wall, or both, the actual generation of Ang II might have been even greater in view of the fact that the incubation of aortic vessels with Ang II revealed a similar "escape" of Ang II, its fragments, or both, into the vascular wall as observed with Ang I. Figure 1 ) (black columns), the percentage amount of angiotensin II (Ang II) generated within the lumen (see Figure 1 ) (dotted columns), and the percentage amount of radioactivity that had diffused out of the lumen (see Figure 6) 
(white columns). The difference between the sum of these three parameters and the initial amount of Ang I (100%) provides a measure for intraluminal Ang I degradation products (hatched columns).
Our results confirm previous results by Bunning et al, 24 who determined a conversion rate of Ang I to Ang II of 10-20% after incubation with a high concentration of 5xlO" 7 M Ang I using two in vitro systems, the isolated thoracic rabbit aorta and cultured endothelial cells from rabbit aorta. Similar conversion rates were reported in dog kidney (4-19%) , 25 " 27 in dog mesenteric arteries (25%), M and in the isolated perfused rat heart ) Our data further demonstrate that the major portion of luminal Ang I diffused into the vessel wall or was degraded to peptide fragments. Incubation studies with radioactively labeled Ang I revealed that Ang I, Ang I fragments, or both, accumulated mainly in the medial layer of the vascular wall. This raises the question of a possible conversion of Ang I to Ang II within the medial layer. Generation of Ang I in the vascular media is possible since renin and angiotensinogen both were shown to be present in this layer of the vascular wall and were either synthesized locally or taken up from plasma. 1316 However, it is still controversial whether the last step in the RAS cascade, the generation of Ang II, occurs in the vascular media, since the precise location of ACE within the vascular wall is by no means clear. In a study by Velletri and Bean 30 ACE activity was measured in the vascular wall using a radioenzymatic technique. The authors demonstrated that 42% of the ACE activity was localized in the medial layer while 58% was found in the adventitial layer. A major drawback of this study, however, is the lack of ACE activity in the intimal layer. In another study by Pipili et al 31 ACE activity was measured in intact as well as in endothelium-denuded aortic rings. Although this study suggested that ACE was present in extraendothelial sites, the exact localization of ACE, e.g., medial or adventitial layer, or both, still remains obscure. Indirect evidence for an extraendothelial conversion of Ang I to Ang II in the vascular wall was provided by studies measuring the contraction of endothelium-denuded aortic rings after addition of Ang I in rabbit aorta 32 and in rat aorta.
33
- 34 In these studies aortic rings, suspended in an organ bath, were used for the measurement of isometric contraction after exogenous addition of Ang I. With this model, the medial as well as the adventitial site of the vascular wall is exposed to the peptide. Thus, it is possible that conversion of Ang I to Ang II occurs primarily in the adventitial layer (e.g., vasa vasorum). In contrast, in our model of the isolated thoracic rabbit aorta, Ang I was applied intraluminally and thus was exposed to endothelial enzymes or, after removal of the endothelium, to enzymes on vascular smooth muscle cells.
In the present study, removal of the aortic endothelium completely abolished the conversion of Ang I to Ang II. Thus, there was no evidence for an extraendothelial generation of Ang II in the vascular wall. Our results are supported by a number of studies investigating the localization of ACE in the vascular wall by means of biochemical, immunocytochemical, and autoradiographic methods.
18J5 - 36 Generally, these studies failed to detect any ACE activity in the vascular medial layer, thus pointing to the endothelium as the major site of Ang II generation.
The decrease of luminal Ang I after 1 hour was not different between intact or endothelially denuded aortas, despite the fact that conversion of Ang I to Ang II was abolished in the latter. This finding may be explained either by an increased diffusion rate into the vascular wall due to the absence of the endothelium as diffusion barrier or by an increased degradation of Ang I by peptidases on vascular smooth muscle cells of the medial layer.
Inhibition of the endothelial ACE by addition of the ACE inhibitor ramiprilat (10~7 M) to the incubation medium resulted in a complete blockade of Ang II generation. However, despite the lack of Ang I conversion to Ang II, the ACE inhibitor did not affect the Ang I decrease in the aortic lumen during an incubation of 1 hour. A compensatorily increased degradation of Ang I by other endothelial peptidases may account for this finding. Similar results were obtained by Luckhoff et al, 37 who investigated the effects of enalapril (10~7 M) on the metabolism of Ang I (5 x 10~7 M) in the isolated rabbit aorta. In contrast, Whalley 38 observed a significant attenuation of the Ang I breakdown by rabbit aorta and human basilar artery in the presence of captopril (5xlO~6 M), although in that study the Ang II production remained unaffected by the ACE inhibitor. These contradictory results may be explained by the very high concentration of Ang I (10~4 M) used in their study.
In conclusion, our results emphasize the importance of an intact endothelium for vascular Ang II generation and provide evidence that conversion of Ang I to Ang II is predominantly achieved by endothelial cells. They also support the concept of an endocrine versus autocrine/paracrine RAS, where the vascular endothelium is the strategic site for Ang II production for both systems and thus the most important target site for the action of ACE inhibitors. P Gohlke, P Bünning and T Unger Distribution and metabolism of angiotensin I and II in the blood vessel wall.
